The main aim of this study was to determine the size of the load carried by the Błądzikowski Stream and discharged into the Puck Lagoon, and the role of the river load in the formation of the sea bed deposits at the stream mouth. The Błądzikowski Stream, with the length of only 10 km, discharges about 610 tons of sediment into the Puck Lagoon per year, including 89.8% (548 tons) of the bed load and 10.2% (62 tons) of the suspended load. The amount is 4.9% of the river load discharged into the Puck Lagoon. Mineral particles are more common in the composition of the river load and account for 94.6% of the suspended load and 98.7% of the bed load. It is mainly the bed load deposited in the estuarine area that creates a contemporary underwater accumulation form in the Puck Lagoon, which is corroborated by the granulometric composition of the channel and surface sediments; the suspended load is carried further into the Lagoon.
INTRODUCTION
The main source of the terrigenous load in the Baltic Sea is the river inflow. The total river discharge of the suspended load into the Baltic Sea is between 4.45 m and 7.4 m tons (Cyberski 1994; Łajczak, Jansson 1993b) . These are only estimations, which discount the bed load or set its value at 10% of the total river load (Allen 2000) .
Terrigenous load discharged into the Puck Lagoon comes predominantly from the river load inflow. Sediments being the result of coastal abrasion are negligible, as only 3% of the Puck Lagoon shore is comprised of active cliffs. Aeolian transport also accounts for a small fraction of the sediments transported to the Puck Lagoon.
The studies on the river load discharged into the Baltic Sea by the largest rivers: Vistula [Polish: Wisła], Rega, Parsęta, Wieprz, Słupia, Łupawa and Łeba, have been conducted by i.a. Brański (1968) and Cyberski (1979 Cyberski ( , 1984 . The rivers feeding the Puck Lagoon have not been studied in depth. It was only between 2001 and 2003 that Szymczak and PiekarekJankowska (2007) conducted studies on the amount of the river load discharged into the Puck Lagoon by Reda, Kanał Łyski, Gizdepka and Płutnica rivers.
The Błądzikowski Stream was included in the studies conducted by the Institute of Hydrology in Gdańsk on The analysis of the hydrological and hydrochemical regime and ecological assessment of water courses. Two articles by Jareczek-Korzeniewska and Olszak (2005) and Jareczek-Korzeniewska (2008) are also very informative. The river was also mentioned by Jankowska (1993) and Cyberski (1993) in their monograph The Puck Lagoon.
MATERIALS AND METHODS
Hydrological measurements were conducted once a month between November 2009 and October 2010 at a research station located at a distance of 1.5 km from the mouth of the Błądzikowski Stream to the Puck Lagoon (Fig. 1) .
Each time measurements of the river channel cross-section and water flow velocity were taken, the latter one with a 2030R Eijkelkamp mechanical current meter. The channel cross-section changes every month (Fig. 2a, b) . Starting from November the surface area increases, reaching the maximum in February (maximum depth of 0.52 meter and width of 2.4 meter). In the following months the surface area decreases, reaching the minimum in July. The maximum depth in the river is three times smaller (0.16 m) and the channel cross-section is eight times smaller than in February. Fluctuations in the surface area depend on the water level in the river. At the designated collection sites (Fig. 3) , one-liter water samples were taken in order to determine the amount of the river load transported; surface sediment samples (about 0.3 kg) were collected using a manual scoop with a view to determining the traction strength.
In order to determine the dispersion of the bed and suspended load, the research was conducted in the estuarine area of the river in August 2010. At the collection sites marked as PI, PII and PIII, seawater samples were collected at 2 depths: near the surface and near the bed. Surface sediment samples were taken at the same points (Fig. 1) .
The analysis of the river and sea water aimed at determining the amount of suspended material and the proportion between mineral and organic fractions. In the course of the sample analysis, Santorius' multispace filter set and GF/F Whatman fiber filters were used.
The bed and surface sediments underwent the sieve analysis with a Fritsch sieve shaker (sieve size: 0.5 phi) from 2.8 mm to 0.063 mm. In order to determine the granulometric composition of the sediments, the method of moments analysis was used. The results of granulometric composition analysis obtained from the sieve analysis were taken into consideration. The loss on ignition method was used to establish the contribution of organic fractions, both in the suspension and in the bed load.
Moreover, in order to determine the amount of bed load transported by the Błądzikowski Stream, the formula proposed by Skibiński (1976) was used. It is used to establish the unit volume quantity of the bed load based on the dynamic velocity, the depth of the river channel and the dominant characteristic of the change in the granulometric composition of bed sediments. 
STUDY AREA
The Błądzikowski Stream flowing into the Puck Lagoon has the length of 10 km and the catchment area of 23 km 2 . Its average fall is 4.4‰ as its upper reaches are located 44 m above sea level (Institute of Hydrology, web page). Upper reaches of the stream form a narrow, deep valley, which connects kettle depressions. They are filled with two -three meters of fluvial sediments. Within this valley, there are preserved traces of the Błądzikowski Stream channel migration. Fragments of old riverbeds are filled with silt-clay sediments and peats. In its lower reaches, the stream flows through a shallow latitudinal subglacial channel all the way to its mouth. In the outlet area, it forms a relatively extensive alluvial fan (JareczekKorzeniewska, Olszak 2005) . Sediment covering the bottom of the river bed at the hydrometric station consists of sand mixed with gravel and silt material. The dominant fraction are medium-grained sands.
The Puck Lagoon is located in the northwestern part of the Puck Bay, which is separated from the open sea by the Hel Peninsula. Apart from the Hel Peninsula, the shore of the Puck Lagoon represents a postglacial moraine plateau, which was formed in the late Pleistocene. The Puck Plateau descends steeply towards the Reda Ice marginal valley and further northwards towards the Płutnica Ice marginal valley (Fig. 4) . The plateau forms the Puck and Osłoniński Cliffs along the Puck Lagoon. The plateau is built of brown moraine clay from the Pleistocene, 15-20 m thick, only at some points up to 3-5 m. The underlayer is composed of sands and fluvioglacial gravels exposed in the stream valley (JareczekKorzeniewska, Olszak 2007; Jareczek-Korzeniewska 2008) .
Only Cretaceous, Paleogene, Neogene and Quaternary deposits have been found in the bed rock of the Puck Bay. The Quaternary formations are represented by the Pleistocene glacial deposits and fluvioglacial (various sands, moraine clay, mud-silt deposits), Holocene, swamp limnic and sea deposits (Witkowski, Witak 1993; Uścinowicz et al. 2002; Olszak 2007) .
The Puck Lagoon bed deposits reveal high lithologic diversity, from coarse-grained to silts: various gravels, coarse-grained sands with pebbles, medium-and fine-grained sands; coarse-grained silts and coarse-grained silts on calcareous gyttja; calcareous gyttja and peats (Musielak 1984) . The contribution of organic matter in the clastic deposits ranges between 0.1% and 25%. Its concentration changes depending on the degree of sediment dispersion. The average contribution of organic fractions ranges between 1 and 5% (Jankowska, Łęczyński 1993) .
The bottom of the Puck Lagoon is a shallow plain, 3.5 m deep on average; nevertheless, 33% of the lagoon has a depth of 2 m or less (PiekarekJankowska 1994). The topography of the Puck Lagoon is morphologically diverse. There can be distinguished such formations as deep depressions, shoals and channels (Fig. 1) . The total area of the lagoon is slightly less than 103 km 2 , and the total volume of its waters is 104.3 km 3 (Nowacki 1976 (Nowacki , 1993a .
The transport of the Błądzikowski Stream load into the Puck Lagoon is affected by currents and wind waves. Westerly winds prevail throughout the year; their velocity along the shore ranges between 3 m s -1 in summer to 6 m s -1 in autumn (Nowacki 1993c) . Strong winds exceeding 10 m s -1 are frequent, especially on the Hel Peninsula (Kwiecień, Tarnowska 1974) . The flow of surface currents at the stream mouth is parallel to the shoreline and aligned with the wind direction. The average surface current velocity in the Puck Lagoon with sustained westerly winds ranges between 4 cm s -1 and 8 cm s -1 , with the speed of bottom currents at about 4 cm s -1 (Nowacki 1993c) . These values are lower in the study area due to the proximity of the shore.
The salinity gradient of the waters in the Puck Lagoon at the mouth of the Błądzikowski Stream is constant and not stratified due to its small depth and intensive water mixing (Łomniewski 1959) . The average salinity of the surface water in the study area has been determined at 7.31 PSU. It may range between 7.15 PSU during winter months and 8.31 PSU during summer months (Nowacki 1993b) .
RESULTS AND DISCUSSION
The Błądzikowski Stream is characterized by a large variability in the velocity and the rate of the water flow throughout the year, which is a direct result of its hydrological regime.
Over the course of a year, the average water flow rate is 0.087 m 3 s -1 . The highest water flow rate (Q) was registered in February: 0.261 m 3 s -1 . Such a value was caused by frequent sleet and a short period of thaw, which resulted in a higher water flow rate in the stream channel. The lowest water flow rate, i.e. only 0.009 m 3 s -1 , was registered in July (Fig. 5) . Such a low water flow rate was a consequence of rainfall deficit and high air temperature of more than 20°C, causing intensive evaporation.
The total annual inflow of water into the Puck Lagoon and it variability was calculated based on the stream channel cross-section and water flow velocity. Between November 2009 and October 2010, the Błądzikowski Stream discharged 0.00271 km 3 of fresh water into the Puck Lagoon, which accounts for 0.46% of the total river discharge into the lagoon. During the summer season (May − October), the discharge was only about 30% of the total annual discharge (Fig. 6) . The smallest amount of water is discharged in July: only about 2% (0.00002 km 3 ). In the winter and winter-spring seasons, a higher water flow rate was registered, which entails a larger discharge into the Puck Lagoon. In February, the stream introduces about 25% (0.00068 km 3 ) of the total annual water discharge into the lagoon, which is the result of the increased influx of melt water from the stream catchment area.
There is a considerable variability in the suspended material quantitative performance, i.e. turbidity and, in consequence, the sediment transport rate and the transported sediment mass over the study period. It results from changing meteorological, biological and hydrological conditions during the measurement period. The remaining environmental factors determining the rate of fluvial transport (topographical differences, lithology, soil type, river network development stage) should be regarded as invariable within the measurement period.
The water turbidity in the Błądzikowski Stream ranges between 1.85 g m -3 and 51.61 g m -3 . The highest suspended sediment concentration rate was registered in February; the lowest in March. The former resulted from the early spring melting and surface runoff, which washes away the weathered material. Also the highest flow values were registered at that time. Compared to other water courses discharging into the Puck Lagoon, the Błądzikowski Stream reaches high turbidity values at 15.66 g m -3 (Fig. 7) . In June, despite a low flow value, turbidity reaches a high level. Meteorological conditions may be a possible cause of this situation. During a monthlong period with high temperatures and no rainfalls, the river load was most probably deposited in the river through aeolian transport. Dry soil with no vegetation cover is very susceptible to aeolian processes. Starting from August, turbidity increases as a result of increased, autumn rainfall and field works, which occur at this time of the year − a large part of the stream catchment area is an agricultural area. Large amounts of sediments are transported to the stream waters through aeolian processes and surface runoff owing to scarce vegetation in the drainage area.
During the summer season, only 35% of the total annual load is transported into the Puck Lagoon by the Błądzikowski Stream. The transport is the least efficient in March (1.1%), then in June (3.9%) and August (3.5%). In the winter season, the largest amount of the river load is discharged in February and October, 30% and 15%, respectively. It needs to be emphasized that a low water temperature increases its viscosity, which means that the sediment particles are easier to keep in suspension (Klimaszewski 1995) . The stream discharges 62 tons of suspended load per year, which accounts for only 2.2% of the total 2,826 tons of the river load feeding the Puck Lagoon (Szymczak, Piekarek-Jankowska 2007) . According to Łajczak and Jansson (1993) , the mass of the total river load discharged to the Baltic Sea is 4,455 million tons; the largest amount is discharged in April (22%) and the lowest in January (3.6%). The compositional analysis of the river load for the proportions of organic and mineral particles has demonstrated that the latter constitutes about 94.6% of the load (Fig. 8) , with the average contribution ranging between 87.3% (May) and 99.9% (August).
The season variability of the proportions between organic and mineral matter in the river load is linked to the gross primary production sustained by rivers, with maximums usually in spring and autumn, but frequently also in summer (Kajak 2001). Snow cover and surface runoff are also important for these proportions.
The bed load is composed of sand fractions with grain diameters between 0.25 mm and 2.0 mm. The contribution of this fraction in the granulometric composition of the bed load amounts to 83.7%. These are mainly coarse-grained sands (up to 48%) and medium-grained sands (up to 46%). Fine-grained sands are scarce (6%). Most probably the fine fraction is also transported into the lagoon as the suspended load.
The bed load is well and moderately well sorted (Table 1 ). The sediments collected along the banks were sorted slightly worse than in the current zone, which proves the variability in the water flow rate in this part. In the third moment, the skewness index values are negative and positive. The graph is symmetrical and skewed slightly negatively and positively. The positive values for the sediment along the left bank and downriver reflect the conditions where the water flow velocity decreases, immobilizing larger grains and depositing coarse-and medium-grained sediments from the suspension, so the suspension is enriched with fine fractions. The examined deposits are also characterized by the skewness of indices which are close to zero or negative. This proves that the deposits are enriched with coarse fractions, and fine fractions are eliminated from the deposit. The third index shows a tendency for the redeposition of the bed load material and its selective scouring. The fact that all values − positive, negative and close to zero − are present proves that the above processes are in equilibrium (Racinowski et al. 2001) .
Mineral matter, which accounts for 98.7% of the load, prevails in the composition of the river load. The variability in the content of the organic fraction is negligible at 1%. The contribution of organic particles in the bed load of the Błądzikowski Stream and other water courses flowing into the Puck Lagoon is similar (Szymczak 2006) .
The total mass of the annual bed load (Mt) was calculated based on the bed load traction strength (qr). The measurement of the traction strength in the river channel is very difficult and encumbered with errors. The results of the measurements of hydraulic efficiency and the geometrical cross-section of the stream channel were used, e.g. the water flow velocity, plumb-bob probe measurements and granulometric composition of the bed load.
The Błądzikowski Stream discharges 548 tons of clastic bed load into the Puck Lagoon per year.
Together with other rivers (Reda, Gizdepka, Płutnica and Kanał Łyski), the stream transports the total of 9 744 tons of bed load to the Puck Lagoon (Szymczak, Piekarek-Jankowska 2007) . The Błądzikowski Stream, therefore, has a minimal contribution (5.6%) in the bed load transport to the lagoon when collated with other water courses of the basin.
The proportions between suspended load and bed load transported by the Błądzikowski Stream are 1 to 10, similarly to other water courses discharging into the Puck Lagoon. The load discharged by the Błądzikowski Stream accounts for only 4.9% of the total river load in the Puck Lagoon, which amounts to 12,570 tons.
The suspended load discharged into the Puck Lagoon forms part of the sea suspended load. The average surface water turbidity rate in the estuarine area amounted to 13.7 g m -3 ; and bottom water turbidity rate amounted to 45 g m -3 . The sediment concentration just above the bottom is more than 3 times higher than in the surface zone. This value ranges from 2.4 g m -3 to 52.5 g m -3 in the first profile, from 33.9 g m -3 to 65.04 g m -3 in the second one, and from 22.2 g m -3 to 62.4 g m -3 in the third one. Water turbidity in the surface layer in the area where stream freshwater comes into contact with brackish waters of the lagoon is much higher than in the area further from the stream mouth. This is particularly evident in the third profile (PIII). On the other hand, the sediment concentration rates near the bottom at the measurement points are similar and high. Such high values result from the resuspension of surface sediments, bottom currents and waves, causing the suspended load to move. Mixing of fresh and sea water takes place in the estuarial zone of the Błądzikowski Stream. These are propitious conditions for the process of flocculation of the suspended loam fractions. The deposits covering the bottom of the Puck Lagoon are predominantly finegrained and very fine-grained sands (Jankowska 1993) . The bottom samples taken on 10 August 2010 close to the Błądzikowski Stream mouth contain mainly sand fractions. The contribution of fine-, medium-and coarse-grained sands in a sample is identical in 33.3%. Figure 9 demonstrates the dispersion and gradation of the surface deposits in the estuarial area where bed load is deposited in the amount of 88.7% of the total river load.
The load deposited in the estuarial area of the Błądzikowski Stream contains very little amounts of the mud-silt fraction (<0.063 mm). Its percentage content in the surface suspended load does not exceed 2%. In the areas with the highest occurrence of coarse-grained sands, the percentage content of the mud-silt fraction fluctuates between 0.21% and 0.41%. Its contribution increases with the distance from the shore and the lagoon depth. Figure 10 presents the dispersion of <0.063 mm fraction close to the stream mouth. Figure 11 , presenting the direction of the river load dispersion close to the Błądzikowski Stream mouth to the Puck Lagoon, corroborates the diagram of the mud-silt fraction dispersion presented above (Fig. 10) , as well as its percentage in the surface load. The transport of mud and silt sediment is eastwards and south-eastwards, further into the Puck Lagoon. The percentage content of the finest grained fractions in this area exceeds 1.5% and the sediment is characterized by positively skewed distribution. Surface sediments of the Puck Lagoon are almost entirely redeposited from the sand and sand-gravel deposits. They are mainly transported by the currents along the coast towards the Puck Lagoon, where sand is deposited (Uścinowicz 1995) .
The content of organic matter in estuarial deposits is not high and oscillates between 0.5% and 2.7% (Fig. 12) . Its largest concentration is observed in places where fresh water comes into contact with brackish waters of the sea. Other deposit samples contain less than 1% of the organic material. Higher rates result from the increased deposition of the suspended river load containing a higher organic fraction (0.1-12.7%).
In places where fresh water comes into contact with brackish water, single suspended load particles (mainly <0.063 mm fraction) form aggregates in the process of both physical and biological flocculation. It is believed that not only the change in pH affect the process of aggregate formation, but also the presence of cohesive organic material (Kranck 1979; Droppo, Stone 1994) . The floc settling velocity is higher than the velocity of single particle settling; therefore, the contribution of organic matter and <0.063 mm fraction is higher at the stream mouth.
CONCLUSIONS
The Błądzikowski Stream discharges 610 tons of sediment, 548 tons of bed load and 62 tons of suspended load into the Puck Lagoon per year, which accounts for 4.9% of the total terrigenous load discharged into the lagoon. The bed load contains mainly coarse-grained sands (48%) and mediumgrained sands (46%) and on average 98.7% of the material particles. The suspended load contains on average 5.4% of the organic matter.
The amount of river load changes seasonally. The highest rates are observed during spring melting (February) and the lowest rates in summer, between May and October. The discharged amount depends on the sediment concentration (P) and the water flow rate (Q). The average turbidity rate amounts to 15.66 g m -3 , whereas the average water flow rate reaches 0.087 m 3 s -1 in the period discussed.
It is mainly the bed load (89.8%) deposited in the estuarine area that creates the contemporary bed deposits of the Puck Lagoon. The material is mostly represented by the sand fraction. The contribution of fine-, medium-and coarse-grained sands in a sample is identical in 33.3%. The percentage content of <0.063 mm fraction in the surface suspended load does not exceed 2%. The percentage content of the mud-silt fraction fluctuates between 0.21% and 0.41% in the areas with the highest occurrence of coarse-grained sands. This means that the greater the depth and the farther from the shore, the higher the amount of the mud-silt fraction, which proves that fine fractions are transported further into the Puck Lagoon, away from the stream mouth. The average content of organic matter does not exceed 1%, except for places where fresh water comes into contact with brackish waters of the sea, i.e. the Błądzikowski Stream mouth to the Puck Lagoon, the sediment concentration directly above the bottom is 3 times higher compared to the surface. The average surface water turbidity rate amounted to 13.7 g m -3 , and the bottom water turbidity rate amounted to 45 g m -3 .
